Ethidium bromide intercalates between the bases of native DNA, resulting in several biological anomalies . The effects of ethidium bromide on the mitochondria of cultured mouse L cells were studied . At a concentration of 1 µg ethidium bromide/ml it was observed that concentrations of cytochromes a + a3 and b decreased, a +a3 more rapidly than b . In contrast, the concentration of cytochromes cI and c increased or remained the same as in control cells. Concomitant with the decrease of cytochromes a +a3 and b was an enlargement of the mitochondria and a reduction in the cristae . The cristae that remained were abnormally organized . After prolonged treatment with ethidium bromide a second population of small, more normally organized mitochondria was apparent . These effects of ethidium bromide could be reversed .
INTRODUCTION
The list of effects elicited by ethidium bromide (EB) in living organisms has been growing since the early 1960's . The phenanthridine dye, ethidium bromide, intercalates between the bases of double-stranded DNA (1, 2) . This effect potentially leads to interference with the replication and transcription of the genome . Several adverse effects of EB on the synthesis and structure of mitochondria) DNA (3, 4) and kinetoplast DNA (5) have since been described .
Other effects of EB include the preferential inhibition of mitochondrial DNA polymerase in vitro as compared with the nuclear enzyme using the same DNA template (6) . During EB treatment of L cells in vivo, thymidine 3H continues to be incorporated into nuclear DNA at an apparently greater rate than that in untreated cells (4) . EB has also been shown to inhibit the synthesis of RNA present in mitochondria (7, 8) .
51. 4 THE JOURNAL OF CELL BIOLOGY . VOLUME 51, 1971 . pages [514] [515] [516] [517] [518] [519] [520] [521] [522] [523] [524] Ethidium bromide induces cytoplasmic mutations in some cell types. In trypanosomids, EB treatment leads to loss of the kinetoplast (9) . Slonimski and co-workers (10) have demonstrated that EB is an extremely efficient cytoplasmic mutagen in facultative anaerobic yeast . The "petites" obtained after treatment with EB lack cytochromes a + a 3 and b . In obligate aerobic yeast, however, the intercalating agents euflavine and EB inhibit the synthesis of a + as, b, and c l but do not induce the petite mutation (11) .
The studies described here extend the effects of EB to mammalian cells . De Vries and Kroon (12) recently showed that EB inhibits the synthesis of cytochromes a + a3 in regenerating rat liver . These workers could not reverse the effects of EB in cultured heart cells . Our studies with cultured L cells demonstrate the reduction or loss of cytochromes a + a 3 and b, with a concomitant increase in the concentration of cytochrome c during 2-3 days of EB treatment . Mitochondrial profiles become greatly enlarged, with few abnormally organized cristae remaining . The effects were found to be reversible and similar to those described for obligate aerobic yeast treated with intercalating dyes (11) .
METHODS AND MATERIALS
Cell Culture Procedures L cells were cultured in Joklik medium (Grand Island Biological Co ., Grand Island, N . Y.) in spinner flasks and were maintained at 37°C. Ethidium bromide was added from a freshly prepared stock solution of 200 µg/ml under sterile conditions .
Mitochondria
The number of L cells employed for each spectroscopic determination ranged from 2 X 10 8 to 1 X 109 cells . All manipulations were carried out at 4°C . Cells were harvested by centrifugation at 235g for 10 min in a Sorvall centrifuge (Ivan Sorvall, Inc ., Norwalk, Conn .) The cells were resuspended in 1 X phosphate-buffered saline (PBS) (8 g NaCl ; 0 .2 g KCI ; 1 .15 g Na2HPO4 ; 0.2 g K H2PO4 in 1 liter) and centrifuged at 175 g for 10 min . The cell pellet was suspended in 20 nil of cold 0 .05% bovine serum albumin (in 25 mm Tris buffer, pH 7 .4, 2 mm ethylenediaminetetraacetate [EDTA] ) and homogenized in a Dounce homogenizer (Kontes Glass Co ., Vineland, N. J .) with 20 passes using a tight plunger . 20 ml of 0.6 M sucrose (in Tris-EDTA) was added and the solution was homogenized with three more passes . The homogenate was centrifuged two times in a Sorvall at 750 g for 10 min, each time discarding the nuclear plus cell debris pellet. The supernate was then centrifuged at 10,900 g for 20 min, yielding a crude mitochondrial pellet which was usually suspended in 1 ml of 0 .3 M sucrose and frozen for subsequent spectral analysis . Mitochondria were not purified further so as to obtain a random sample of the total population and, more important, to keep the loss of cytochrome c at a minimum. It has been assumed that the purity of the mitochondrial sample is fairly constant between preparations .
Spectroscopic Analysis of Mitochondrial Cytochromes
The method of Williams (13) for the simultaneous quantitative estimation of cytochromes a, b, cl and c in mitochondria was used . The split beam spectrophotometer of Chance (14) was employed to obtain the spectra . Base line corrections were made using the isosbestic points at 530, 580, and 615 mµ . The points at 530 and 615 mµ were taken from work by Chance and Schoener (14) . The 580 mp point is an approximation based on the fact that 577 mg is the valley point for cytochrome b (lies below 0 OD in the difference spectrum) and that the absorption at 580 mµ due to cytochromes a and c is negligible (15, 16) .
Electron Microscopy 10 ml samples of L cells grown in suspension culture were added to 1 ml of 2% OsO4-0 .1 M phosphate buffer (pH 7 .4) at 0°C for 10 min . The cells were centrifuged and resuspended in 2% Os04-0.1 M phosphate buffer (pH 7.4) at 0°C for 1 hr. The cells were washed in phosphate buffer and postfixed with freshly prepared 10% paraformaldehyde in the same buffer for 20 hr at 4°C. The specimens were washed in buffer, dehydrated in a graded series of ethyl alcohol, and embedded in Araldite . The sections were stained with uranyl acetate followed by lead citrate and examined in a Siemens Elmiskop la electron microscope .
RESULTS

Spectroscopic Studies
The results shown in Tables I and III are representative of the effects of EB on L cells . There is some variation in the growth patterns of L cells from day to day and from one culture to another. There is also a variation in the extent of the response to EB with different cultures . However, in all of the experiments that were conducted, the general effect of EB on the L cells was the same . Cell growth is diminished . For the experiment shown in Table I , control cells doubled in number every 24 hr whereas EB-treated cells grew about 80% after the first day, 6 0ßo after the second day, and 15% after the third day. The concentration of cytochrome a decreases more rapidly than the concentration of cytochrome b . In a separate experiment (results not shown here), difference spectra were obtained using rotenone (oxidized) versus sodium dithionite (reduced) which permits the recording of the Soret region . Spectra were obtained with mitochondria from L cells treated with EB (1 jug/ml) for 24, 48, and 72 hr and were compared to the spectra of mitochondria from untreated cells . The absorption difference between 445 and 460 mµ (absorption region of a3 + a) showed a decrease comparable to the changes in the visible region for cytochrome a. In marked contrast to cytochromes a and b, the con-SOSLAU AND NASS 1 Ratios are from results at room temperature in Table I and are determined from concentrations of the individual cytochromes . centration of cytochromes c + c l increases after the addition of EB to the culture medium. This effect is the same at concentrations of EB ranging from 1 to 5 µg EB/ml . However, 5 sg EB/ml is a lethal dose when cells are subjected to this concentration for more than 2 days (there is some variation) .
Effects of Ethidium Bromide on L Cell Mitochondria
The effect of EB on the concentration of cytochrome c is difficult to determine from room temperature spectra . In order to check the room temperature results, an experiment, similar to Table I , was conducted and spectra were taken at the temperature of liquid nitrogen . This permits the resolution of the c l , c, and b peaks. Ratios of the mitochondrial cytochromes were determined and compared qualitatively to the ratios obtained from the room temperature data . Good
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After 120 hr of exposure to 1 .ig EB/ml the L cells have virtually ceased growing. At this point, as can be seen in Table III Uttrastructural Studies are filled with well-defined cristae, except for some clear regions in the matrix in which DNA is usually located (17) . Cells treated with either I sg or 2 µg of ethidium bromide per ml over a period of 7 days show a series of striking changes in the mitochondrial ultrastructure (Figs . 2-9 ) . There is some variation in different experiments as to the extent of these changes and the time at which the changes can be observed. The following represents a typical experiment. During the first 2 days of treatment, most of the mitochondrial profiles become enlarged and the cristae are reduced in number and size (4) . A few mitochondrial profiles remain apparently unchanged . After 3 and 4 days of EB treatment, giant mitochondrial profiles are abund .-dant (Figs . 2-4) . The matrix is less dense than in control cells . There is a diversity of internal structure in these mitochondria within a given cell . Some profiles completely lack cristae, and others have very short cristae along the periphery (Figs .  2, 4) . Some mitochondrial cristae traverse the mµmoles cytochrome/mg mitochondrial protein Ratio entire width of the mitochondrion, possibly separating it into distinct compartments (Figs . 2, 4) . A honeycomb pattern of cristae is apparent in some mitochondria, and cross-sections of tubular cristae consisting of two concentric rings are also common (Fig. 3) . The matrix of some mitochondria contains a very prominent electronopaque fibrous material (Figs . 2, 4) . It is not known how or whether this material is related to DNA, as its ultrastructural appearance is more granular than that of typical mitochondrial DNA (17) . Concentrically arranged groups of vesicles are frequently located in the cytoplasm near mitochondria. Between 5 and 7 days of treatment with EB, two general trends are apparent in the mitochondria) population . First, mitochondria begin to appear more dense than before . Giant mitochondria are still apparent, but many of them tend to have more cristae than before which are frequently arranged in circular patterns within the mitochondria) profile (Figs . 5, 6 ) . Second, a set of small mitochondria becomes apparent whose ultrastructure suggests that they originate from portions of the large mitochondria (Fig . 5) . Both the outer and inner membrane are apparent even in the mitochondrial profiles that are almost devoid of cristae (Fig . 7) . The proportion of small dense mitochondria is increased after 7 days of EB treatment (Fig. 8) . Whether the small dense types are more resistant to the effects of EB than the large empty types can only be speculated upon .
The morphological effects after removal of ethidium bromide showed a gradual return to almost normal mitochondrial ultrastructure . After a 3-day or 6-day treatment with EB, followed by 2 and 3 days of growth in normal medium, two populations of mitochondria were still apparent :
Sosrau AND FIGURE 2 L cell grown in the presence of 1 µg/ml ethidium bromide (EB) for 3 days . Mitochondria are greatly enlarged and the amount of cristae appears reduced . Lower mitochondrion is transected by a crista. X 24,000 .
FIGURE 3 Changes in the structure of some of the L cell mitochondria after exposure of cells to EB (2 µg/ml) for 3 days. Mitochondrial profiles show scallop-shaped and tubular cristae, some of which appear to form separate circular subunits . X 24,000 . Cytochrome a is calculated by the difference in the peak to valley absorption at 605 and 630 mµ . The contribution by cytochrome a3 to the absorption in this region is approximately 20% (18) . It is, therefore, difficult to conclude that the concentration of cytochrome a 3 declines along with that of cytochrome a . However, in the experiment where difference spectra were obtained using rotenone centration is not as rapid as that of cytochrome a + a3 but after 5 days of EB treatment (Table III) (Table II) show that the ratio of cl to c remains constant after at least 2 days of EB treatment . Both c1 and c increase with respect to cytochrome c l after several days of exposure to EB . This evidence strongly indicates that c1 follows the same pattern as cyto- The electron micrographs support the spectroscopic findings . The reduction or loss of cytochromes a + a3 and b may be correlated with a striking reduction of the amount of mitochondrial cristae . The remaining part of the inner mitochondria) membrane which follows the outline of the outer membrane in the enlarged mitochondria may be an entity that differs in some respects from the cristae, or the cristae may have completely or partially unfolded into the peripheral inner membrane (11) . Whatever reorganization of inner membranes has taken place, the total amount of these membrane and "insoluble" cytochromes appears less in EB-treated than in control cells . The small dense mitochondria appearing after prolonged treatment with EB may be resistant forms and probably account, at least partially, for the remaining low levels of cytochromes a + a 3 and b . Whether some of the small mitochondria are derivatives of the large types, as it appears in some electron micro-FIGURE 9 L-cell grown in normal medium for 2 days after exposure to EB (2 pg/ml) for 3 days . Mitochondria of most cells are smaller and more cristae are visible than during EB treatment. X 24,000. FIGURE 10 L cell grown in normal medium for 2 days after exposure to EB (2 µg/ml) for 3 days . In addition to cells as in Fig . 9 , many cells contain small dense mitochondria . X 24,000 . FIGURE 11 L cell grown in normal medium for 15 days after exposure to EB (2,ug/ml) for 5 days . Mitochondria are filled with cristae and appear similar to those in control cells (Fig . 1) , although some mitochondria are larger . X 24,000 .
graphs, remains to be determined . Separation and analysis of the different populations of mitochondria may give further clues to this problem.
Two important conclusions can be drawn from these results. First, the fact that the cytochrome c concentration increases demonstrates a relatively intact mitochondrial membrane after EB treatment . Morphologically intact double membranes can also be seen in the electron micrographs of EB-treated cells even after prolonged treatment . Secondly, EB treatment is known to impair selectively M-DNA synthesis and structure (4) and M-protein synthesis (19) . The present results, concomitant with these findings, support the theory that mitochondria control at least in part the synthesis of cytochromes a + a 3 and b (regardless of the source of messenger RNA), while cytochrome c (ci) is coded for by the nucleus and synthesized in the cytoplasm .
The effects of EB can be reversed by resuspending the L cells in fresh medium lacking EB, as can be seen in Table III 
